Recently, evidence has been accumulating that inositol and phosphatidylinositol polyphosphate play important roles in a variety of signal transduction systems including membrane traffic, actin cytoskeleton rearrangement and cell motility. In this paper, we show for the first time that the SH2-domain-containing inositol 5-phosphatase (SHIP)-2 binds directly to the hepatocyte growth factor (HGF/SF) receptor, c-Met, via phosphotyrosine 1356. HGF induces the breakdown of cell junctions and the dispersion of colonies of epithelial cells including MDCK cells. Whereas only few lamellipodia are observed in MDCK cells 2 min after stimulation with HGF, both SHIP-2-and SHIP-1-overexpressing cells form large, broad lamellipodia. The number of lamellipodia is 2-4-fold greater than that of mock-transfected MDCK cells in the same time period and SHIP is found to colocalize with actin at the leading edge. Furthermore, overexpression of a catalytic inactive mutant of SHIP-2 suppresses HGFpotentiated cell scattering and cell spreading, although these mutant-expressing cells form enhanced number of lamellipodia 2 min after HGF stimulation. Interestingly, cells expressing a mutant lacking the proline-rich domain of SHIP-2 at the C-terminal form few lamellipodia, but still spread and scatter upon stimulation with HGF at a reduced rate. These data suggest that phosphatase activity is required for HGF-mediated cell spreading and scattering but not for alteration of lamellipodium formation, while the proline-rich region influences lamellipodium formation. Furthermore, treatment with 10 lM of phosphatidylinositol 3 (PI3) kinase inhibitor, LY294002, abrogates HGF-induced cell scattering of SHIP-2-overexpressing cells but not parental HEK293 cells, suggesting that a balance between PI3 kinase and SHIP is important for cell motility.
Introduction
The SH2-domain-containing inositol 5-phosphatase (SHIP)-1 and SHIP-2 share a high percentage of amino-acid identity and contain multiple proteinprotein interaction domains such as SH2 domain, NPXY motifs and proline-rich sequences. Both enzymes play a role in inositol phosphate and phosphatidylinositol phosphate metabolism. The substrate of phosphatidylinositol 3 (PI3) kinase is phosphatidylinositol 4,5-bisphosphate, while SHIP-1 displays 5-phosphatase activity specifically with both phosphatidylinositol 3,4,5-trisphosphate and inositol 1,3,4,5-tetrakisphosphate as substrate.
Although SHIP-2 has a high degree of homology with SHIP-1 in its SH2 domain and catalytic region, the molecules are largely divergent in the C-terminal region, consisting of a proline-rich domain that associates with unique SH3 domain-containing proteins (Wisniewski et al., 1999) . It has been reported that SHIP-2 selectively binds to the SH3 domain of Abl, whereas SHIP-1 selectively binds to the SH3 domain of Src. In addition, in contrast to SHIP-1, SHIP-2 did not bind to the SH3 domain of growth factor receptor-bound protein 2 (Grb2) (Wisniewski et al., 1999) . Recently, Giuriato et al. (2003) reported that when compared to SHIP-1, SHIP-2 exhibited a higher affinity for the cytoskeleton network. Similarly, Dyson et al. (2001 Dyson et al. ( , 2003 reported the localization of SHIP-2 within a protein complex including filamin and actin, and that the deletion of the C-terminal domain of SHIP-2 reduced the membrane ruffle localization of SHIP-2 after EGF stimulation in COS-7 and NIH3T3 cells.
The hepatocyte growth factor (HGF/SF) and its receptor, Met tyrosine kinase, is one of the most predominant systems described to date that have been developed to help elucidate the molecular events that lead to lamellipodium formation and epithelial cell migration (Bottaro et al., 1991; Naldini et al., 1991) . Met tyrosine kinase was reported to interact with several substrates including the Grb2, phospholipase C-g (PLCg), c-Src (Ponzetto et al., 1994) , STAT3 (Boccaccio et al., 1998) , the p85 subunit of phosphatidyl-inositol 3 (PI3) kinase (Graziani et al., 1991) , Shc (Pelicci et al., 1995) , Gab1 (Weidner et al., 1996) and SHIP-1 (Stefan et al., 2001) . On planar culture surfaces, subconfluent MDCK cells normally form coherent islands of relatively flattened cells. HGF has been shown to alter this morphology by promoting the initial expansion of colonies followed by dispersion of the cells that make up these colonies, and an increase in their motility (cell scattering) in liquid cell culture medium (Stoker and Perryman, 1985) . Royal and Park (1995) reported that PI3 kinase and Ras are required for cell scattering. In addition, SHIP-1 enhanced HGFmediated branching tubulogenesis in collagen matrix and cell scattering in liquid culture (Stefan et al., 2001 , Mancini et al., 2002 .
We have shown recently that SHIP-1 binds to one of the tyrosine residues at the multiple-substrate-binding site, pY 1356 VNV of c-Met. Overexpression of SHIP-1 in MDCK cells drastically enhanced the branching and the cell motility potency of c-Met (Stefan et al., 2001 ). Furthermore, we have shown that SHIP-1 phosphatase activity per se leads to the epithelial-mesenchymal-like conversion observed as partial loss of cortical actin, formation of actin stress fibers and dissociation of adherens junctions (Mancini et al., 2002) . We show here for the first time that SHIP-2, closely related to SHIP-1, is highly expressed in epithelial cells and binds to activated c-Met tyrosine kinase. SHIP-2 accumulates transiently at actin-rich regions along the cellular leading edge in HGF-stimulated MDCK cells. Overexpression of SHIP-2 alters HGF-mediated lamellipodium formation. Furthermore, SHIP-2 phosphatase activity is required for the HGF-mediated cell scattering and cell spreading, but not for lamellipodium formation. Treatment with PI3 kinase inhibitor at low concentrations suppressed cell scattering of SHIP-2-overexpressing cells but not of parental cells, suggesting that a balance between PI3 kinase and SHIP is important for HGF-mediated cell motility.
Results

SHIP-2 and c-Met are coexpressed in MDCK and HEK293 cell lines
We previously showed that SHIP-1 binds to the activated c-Met tyrosine kinase, however, the expression level of SHIP-1 is rather low (Mancini et al., 2002) . In contrast, SHIP-2 is expressed ubiquitously and exhibits a higher affinity to the cytoskeletal network (Giuriato et al., 2003) , suggesting that SHIP-2 may play a role in epithelial cell migration. We therefore investigated several cell lines to examine whether SHIP-2 and cMet are coexpressed. We performed SHIP-2-specific Western blots and c-Met-specific kinase assays using cell lysates from 5 Â 10 6 of MDCK, HEK293, PC12, FDCP1Mac11 and NIH3T3 cells. As shown in Figure 1 , SHIP-2 was detected in all cell lines that express c-Met including HEK293 and MDCK cells, suggesting that SHIP-2 may play a role in the c-Met-mediated signal transduction pathway.
SHIP-2 associates with activated c-Met via its SH2 domain
In the next study, we employed a yeast two-hybrid assay, using the cytoplasmic domain of c-Met (Weidner et al., 1996; Stefan et al., 2001) , to examine whether SHIP-2 associates with c-Met directly. The tyrosinephosphorylated c-Met receptor binds equally well to the SH2 domain of SHIP-2 as to that of SHIP-1 (Figure 2a) . As a control, we utilized c-Fms, insulin receptor (Tamura et al., 1999) and TrkA (Koch et al., 2000) . In the yeast two-hybrid system, c-Fms receptor showed an association with both SHIP-1 and SHIP-2, but TrkA and the insulin receptor were not associated. To further confirm the interaction of SHIP-2 with c-Met, we next looked for in vitro-interactions between the purified SH2 domain of SHIP-2 fused to GST (GST-SHIP-2/SH2) and in vitro-phosphorylated c-Met tyrosine kinase obtained from the c-Met-specific immunocomplex. In agreement with data obtained from the yeast two-hybrid assay, autophosphorylated c-Met binds to GST-SHIP-2/ SH2 (Figure 2b) .
To demonstrate the protein/protein interaction between SHIP-2 and c-Met in vivo, HEK293 cells were transfected with His-tagged wild-type (wt) SHIP-2 cDNA (Pesesse et al., 2001) . The cells were incubated for 16 h with medium containing 0.02% FCS, and then stimulated with HGF (100 ng/ml) for 15 min and examined by immunoprecipitation. Aliquots of 5 Â 10 6 cells from each preparation were lysed using His-or cMet-specific antibody and precipitated material was analysed for the presence of SHIP-2 by SDS-PAGE and Western blotting using SHIP-2-specific antibody (Figure 3 ). Prior to HGF treatment, no SHIP-2 was detectable in the c-Met-specific immune complexes. In contrast, 15 min after HGF stimulation wt SHIP-2 was co-precipitated with c-Met (Figure 3 ). To determine whether the SHIP-2/c-Met interaction relied on the presence of particular phosphotyrosine residues of c-Met, we employed a set of c-Met mutants in which established binding sites for defined binding partners were destroyed. We first applied the TrkA/ c-Met chimera receptor (NGF-binding domain of TrkA with c-Met kinase domain) with and without mutation of Y1349F (Y14F) and Y1356F (Y15F) (kindly provided by W Birchmeier, MDC Berlin, Germany; Weidner et al., 1995) . These chimera receptors were expressed in HEK293 cells and cell lysates were (Mancini et al., 1997) . Aliquots of 10 000 cells of four independent transformants were analysed for fluorescence intensity using a Becton Dickinson FACScan flow cytometer. Values represent the means obtained in four independent experiments. The SH2 domain of PI3 kinase (PI3 0 -k) was applied as a positive control (pos. control) for each receptor except TrkA. For TrkA*, the PTB domain of Shc served as a positive control (Koch et al., 2000) . (b) GST-fusion protein containing the SH2 domain of SHIP-2 was purified from E. coli strain DH5a using GT-sepharose. GST-fusion protein or GST (2 mg each) were bound to GT-sepharose beads and incubated with 32 P-labeled c-Met, as obtained by an in vitro kinase reaction. Following washing, bound protein was analysed by SDS-PAGE. As a control, aliquots were analysed by SDS-PAGE and staining with Coomassie brilliant blue (Coomassie staining)
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A Koch et al precipitated using SHIP-2 antibody after and before stimulation with NGF. However, we failed to precipitate these chimera receptors, suggesting that the SHIP-2/ receptor complex was dissociated by immunoprecipitation and/or complex formation was very transient. Therefore, we applied the yeast two-hybrid system using the intracellular domain of c-Met and its mutants. These mutants included Y14F, Y15F and the double mutant Y14/15F, and the kinase-negative mutant K1110A ( Figure 4 ) (Weidner et al., 1996) . We examined the binding of these mutants to the SH2 domain of SHIP-2, SHIP-1 and PI3 kinase using the yeast two-hybrid binding assay (Figure 4 ). Neither SHIP-1 nor SHIP-2 were associated with the Y15F mutant, suggesting that phosphotyrosine 1356 at the multifunctional docking site is the only binding site for these proteins.
SHIP-1 and SHIP-2 involve HGF-induced lamellipodium formation
To study the biological role of SHIP-2, we first attempted to establish MDCK cell lines that overexpress SHIP-2. This was not successful, however, because MDCK cells expressing SHIP-2 at high level died within 2 weeks or lost SHIP-2 expression. Indeed, when we overexpressed SHIP-1-GFP-and SHIP-2-GFP-fusion After serum starvation, cells were incubated with and without 100 ng/ml of HGF for 15 min. Cell extracts obtained from 5 Â 10 6 cells were subjected to immunoprecipitation (IP) using anti-Met or anti-His probe antibodies, and then analysed by SDS-PAGE followed by immunoblotting using the SHIP-2-specific antibody (WB). As control for HGF stimulation, whole-cell extracts were analysed by Western blot using antiErk1/2 (Erk) and phospho-Erk1/2 (p-Erk) antibodies It has been shown that in HeLa, COS-7 cells and the platelet system, SHIP-2 localizes at focal contacts during attachment and at leading edges of membranes or lamellipodia in spreading cells upon stimulation with collagen I, epidermal growth factor or thrombin, respectively (Prasad et al., 2001 (Prasad et al., , 2002 Dyson et al., 2001 Dyson et al., , 2003 . In the epithelial cell system, upon stimulation with HGF, cells lose cell-cell contacts, take on a more fibroblast-like morphology, become more migratory and form lamellipodia within a few minutes. To examine whether SHIP-1 and/or SHIP-2 localize in the lamellipodia induced by HGF stimulation, SHIP-1 and SHIP-2 were expressed transiently in MDCK cells and stimulated with HGF for 2-10 min in the absence of serum. Both SHIPs were detected diffusely in the cytosol in most cells. In agreement with data obtained from C2C12 cells (Kawamura et al., 2004) , a small number of lamellipodia were observed in the absence of HGF. In the vector-transfected control cells, the number of lamellipodia was increased only very slightly after 2 min stimulation with HGF ( Figure 5a ). In SHIP-2 overexpressing cells, the number of lamellipodia increased about 3-4-fold after 2 min HGF stimulation, and simultaneously SHIP-2 localized near the front of the lamellipodia in the same period. However, 5 min after stimulation, the number of lamellipodia in SHIP-2-expressing cells was drastically reduced, while in SHIP-1-expressing cells, the number of lamellipodia increased only two-fold within 2, and 5 min after stimulation, the number increased slightly further (Figure 5a ). In both cases, however, SHIP localized at the actin-rich region in lamellipodia (Figure 5b ). These data suggest that SHIP prolongs or enhances the rate of lamellipodium formation.
Expression of a catalytic-negative mutant of SHIP-2 suppresses HGF-induced cell scattering and HGFpotentiated cell spreading HGF has been shown to alter cell morphology by promoting the initial expansion of colonies followed by dispersion of the cells that make up these colonies, and an increase in their motility (cell scattering) in liquid cell culture medium (Stoker and Perryman, 1985) . To examine whether SHIP-2 is involved in HGF-induced cellular responses, we compared cell scattering among wt and mutant SHIP-2-expressing HEK293 cells after stimulation with HGF. In contrast to the MDCK cell system, we were able to establish HEK293 cell lines that express wt SHIP-2, delta SH2 domain SHIP-2 (delSH2), SHIP-2 catalytic-negative mutant (DA) in which the aspartate 607 residue is replaced by alanine in the phosphatase domain, as well as the SHIP-2 proline-rich region deletion mutant (delPro) (Figure 6a and b; Taylor et al., 2000) . HEK293 cells and cell lines expressing SHIP-2 and its mutants were grown in 1% FCS. Under these conditions, HEK293 cells contact each other closely but not tightly as do MDCK cells (Figure 6c ). Upon stimulation with HGF, control cells scatter and spread (Figure 6c ) within 5 h. In agreement with previous data obtained from SHIP-1-expressing MDCK cells (Mancini et al., 2002) , SHIP-2 and its mutant-expressing cells, with the exception of SHIP-2DA mutant-expressing cells, associate more loosely with one another than control cells even in the absence of HGF. However, upon stimulation with HGF, the wtexpressing cells scattered and spread further, which was not observed with cells expressing delSH2 and SHIP-2DA, suggesting that the SH2 domain and the catalytic activity of SHIP-2 are required for HGF-mediated cell scattering. Interestingly, cells expressing the delPro mutant scattered less.
It has recently been shown that stimulation with HGF potentiates cell spreading (Liu et al., 2002) . We therefore examined HGF-potentiated cell spreading in cell lines that express SHIP-2DA (#3 and #5) and SHIP-2delPro (#2 and #4) (Figure 7a ). For this experiment, all cells were suspended once and replated in the presence or absence of HGF. As shown in Figure 7b and c, about 50% of adherent HEK293 cells spread within 30 min in the presence of HGF, and less than 2% of cells that express SHIP-2DA spread under the same conditions, suggesting that SHIP-2 phosphatase activity is required for HGF-enhanced cell spreading. In the absence of HGF, no cells spread within 30 min; however, about 50% of cells from all lines spread within 2 h independent of HGF treatment, indicating that SHIP-2DA does not inhibit cell spreading per se, but inhibits HGF-potentiated cell spreading. In agreement with data obtained in the cell scattering experiment (Figure 6c ), only 30% of SHIP-2delPro-expressing adherent cells spread within 30 min upon stimulation with HGF (Figure 7) , suggesting that the C-terminal tail of SHIP-2 is also involved in cell spreading and scattering.
The proline-rich domain, but not phosphatase activity contributes to alteration of the HGF-induced lamellipodium formation by SHIP-2
The proline-rich domain of SHIP-2 at the C-terminus has been shown to contribute to the binding of SHIP-2 to cytoskeletal proteins such as filamin and actin (Dyson et al., 2001 (Dyson et al., , 2003 . Furthermore, Prasad et al. (2001) suggest that catalytic activity of SHIP-2 may aid in the localization of SHIP-2 to lamellipodia in HeLa cells using mutant deltaRV lacking 196 amino acids (616-812) in the phosphatase domain. Therefore, we transiently expressed SHIP-2DA, SHIP-2delPro, SHIP-2 delSH2 and SHIP-2 into MDCK cells and examined lamellipodium formation (Figure 8a ). As shown in Figure 8 , catalytic-negative mutant, SHIP-2DA and SHIP-2delSH2-expressing cells formed lamellipodia within 2 min after HGF treatment, and the number of Novel interaction of SHIP-2 with c-Met A Koch et al lamellipodia was similar to the wt SHIP-2-overexpressing cells. In contrast, SHIP-2delPro cells developed only half the number of lamellipodia 2 min after HGF stimulation, suggesting that the C-terminal unique region of SHIP-2 may affect lamellipodium formation. Furthermore, all mutants including SHIP-2DA translocated to the edge of lamellipodia. Since phosphatase activity is not required for SHIP-2 translocation and prolonging lamellipodium formation, one can speculate that SHIP-2 molecules recruit another molecule such as PI3 kinase to prolong lamellipodium formation. Therefore, we performed coexpression studies of PI3 kinase p110 with SHIP-2. The overexpression of p110 causes lamellipodium formation without HGF treatment. In these cells, most of the PI3 kinase molecules were detected diffusely in the cytoplasm and few molecules were detected at the leading edge. Upon stimulation with HGF, the number of lamellipodia decreased within 2 min. When PI3 kinase and SHIP-2 were coexpressed, however, both proteins were colocalized at the edge of It has been demonstrated that PI3 kinase activity is required for epithelial cell scattering (Royal and Park, 1995; Khwaja et al., 1998) . In addition, Khoury et al. (2001) reported that PI3 kinase inhibitor, LY294002, blocks HGF-induced cell dispersion, suggesting that PI3 kinase plays a key role in cell migration. To examine the relationship between SHIP-2 and its counteracting enzyme PI3 kinase in lamellipodium formation, we applied the PI3 kinase inhibitor LY294002 for cell scattering and lamellipodium formation in SHIP-2-and its mutant-expressing cells. In all, 30 mM of LY294002 was added 1 h prior to HGF stimulation in HEK293 cells and cells expressing SHIP-2, SHIP-2delPro or SHIP-2delSH2. As expected, the PI3 kinase inhibitor abrogates HGF-induced cell scattering in all of the cases ( Figure 9 ). We then examined the effects of the inhibitor at different concentrations on cell scattering of HEK293 and SHIP-2-overexpressing cells. Treatment with 10 mM of LY294002 does not influence the HGF-mediated cell scattering as well as lamellipodium formation of the parental HEK293 cells. However, treatment with this inhibitor concentration abrogated cell scattering ( Figure 9a ) and lamellipodium formation (data not shown) of SHIP-2-overexpressing cells. These data strongly suggest that a balance between PI3 kinase and SHIP is important for HGF-mediated cell motility.
Discussion
Met tyrosine kinase is one of the most predominant modulators of epithelial-mesenchymal transition shown to provide regulation of epithelial cell dispersion. We have recently identified a novel signaling molecule, SHIP-1, that binds to Y1356 at the multifunctional docking site of c-Met and we showed that overexpression of SHIP drastically enhanced the tubulogenesis potency (Stefan et al., 2001) . Furthermore, exogenous expression of SHIP-1 at high levels leads to cell dispersion without HGF stimulation and influences the formation of cell-cell junctions and actin polymerization (Mancini et al., 2002) . In this paper, firstly a protein is presented that is closely related to SHIP-1, SHIP-2 is coexpressed with c-Met at high levels in the MDCK and HEK293 cell lines. In a manner similar to SHIP-1, the SH2 domain of SHIP-2 associates with activated c-Met via phosphotyrosine 1356. Secondly, both SHIP-1 and SHIP-2 modified HGF-mediated lamellipodium formation. Thirdly, overexpression of a catalytic-negative mutant of SHIP-2 (SHIP-2DA) abrogates both HGFpotentiated cell spreading and HGF-induced cell scattering. Fourthly, the proline-rich domain of SHIP-2 at the C-terminal involves the modification of HGFinduced lamellipodium formation. Fifthly, a balance between SHIP and its counteracting enzyme PI3 kinase is important for HGF-mediated cell spreading and motility.
SHIP plays a role in inositol phosphate and phosphatidylinositol phosphate metabolism (Erneux et al., 1998) . SHIP-1 displays 5-phosphatase activity specifically with both phosphatidylinositol 3,4,5-trisphosphate and inositol 1,3,4,5-tetrakisphosphate as substrate, while SHIP-2 dephosphorylates only phosphatidylinositol 3,4,5-triphosphate. Although SHIP-2 has high degree of homology with SHIP-1 in its catalytic region, the molecules are largely divergent in the C-terminal region, consisting of a proline-rich domain that associates with unique SH3 domain-containing proteins (Wisniewski et al. 1999) . The deletion of the unique Cterminal region (amino-acid numbers 893-1258) reduced the effects of SHIP-2 on HGF-mediated lamellipodium formation, cell spreading and cell scattering, suggesting that the unique C-terminal region of SHIPs contributes to the biological function of SHIP-2 in terms of cytoskeleton rearrangement.
Although in both SHIP-1-and SHIP-2-overexpressing cells, the HGF-induced increased number of lamellipodia was more than in the vector-transfected control cells, SHIP-2 has a more transient effect on HGF-mediated lamellipodium formation. Giuriato et al. (2003) reported that when compared to SHIP-1, SHIP-2 exhibited a higher affinity for the cytoskeletal network. Similarly, Dyson et al. (2001 Dyson et al. ( , 2003 reported the localization of SHIP-2 within a protein complex including filamin and actin, and that the deletion of the C-terminal domain of SHIP-2 reduced the membrane ruffle localization after EGF stimulation in COS-7 and NIH3T3 cells. Furthermore, the proline-rich domain of SHIP-1 and SHIP-2 associates with unique SH3 domain-containing proteins. It has been reported that SHIP-2 selectively binds to the SH3 domain of Abl, whereas SHIP-1 selectively binds to the SH3 domain of Src. In addition, in contrast to SHIP-1, SHIP-2 did not bind to the SH3 domain of Grb2 (Wisniewski et al., 1999) . Wang et al. (2004) show that SHIP-2 membrane localization by stimulation with M-CSF is dependent on the Pro-rich domain at the C-terminus, and phosphatase activity is not required. The C-terminal unique domain contains a number of proline-rich regions and two tyrosine phosphorylation sites including NPXY site. Therefore, we cannot, at this time, rule out the influence of tyrosine phosphorylation and its binding proteins on lamellipodium formation, lamellipodium turnover or cell scattering.
The most striking data presented here is that a catalytic-negative mutant of SHIP-2 (SHIP-2DA) suppressed HGF-induced cell scattering and cell spreading. Interestingly, the same mutant also prolongs HGFinduced lamellipodium formation and also translocates to the front of lamellipodia. On the other hand, it has been reported that overexpression of PI3 kinase causes MDCK branching and scattering without HGF stimulation (Royal and Park, 1995) . We have shown previously that treatment of SHIP-1-expressing cells with PI3 kinase inhibitor drastically reduced SHIP-1-mediated cell to cell dissociation, suggesting that PI3 kinase activity is a prerequisite for SHIP-1-induced actin alteration (Mancini et al., 2002) . In this paper, we applied different concentrations of PI3 kinase inhibitor. Treatment with the inhibitor at high dosage suppressed cell scattering of both parental HEK293 and SHIP2-overexpressing cells; however, at low concentration, the inhibitor abrogates only SHIP2-overexpressing cells, suggesting that a balance between SHIP activity and PI3 kinase activity plays a key role in cell motility and spreading. In agreement with previous data (Royal and Park, 1995) , overexpression of PI3 kinase caused lamellipodium formation in the absence of HGF; however, upon stimulation with HGF, in contrast, the number of lamellipodia decreased. When SHIP-2 and PI3 kinase are coexpressed, lamellipodia were still observed after HGF stimulation, simultaneously PI3 kinase and SHIP-2 were colocalized at the front of lamellipodia. It is tempting to speculate on the following possibility. PI3 kinase induces lamellipodium formation and PIP3 accumulate at the plasma membrane. Then, SHIP-2 is translocated to the membrane via the substrate-binding domain. Prasad et al. (2001) showed that a mutant lacking 196 amino acids in the catalytic domain fails to translocate to the lamellipodia. The crystal structure of an inositol polyphosphate 5-phosphatase shows that this portion may be a part of substrate-binding site (Tsujishita et al., 2001) . These data suggest that not phosphatase activity, but rather the substrate-binding site is required for SHIP translocation to the edge of lamellipodia. In addition, the prorich domain may stabilize the SHIP membrane location and SHIP colocalizes with PI3 kinase. Indeed, in erythroid progenitor cells, PI3 kinase forms a complex with SHIP-1 upon stimulation with Epo (Bouscary et al., 2003) . Thus, in the presence of SHIP, lamellipodia formation is prolonged. Furthermore, inositol phosphate and/or phosphatidylinositol phosphate metabolism by SHIP is required for further process to cause cell scattering.
Recently, evidence has been accumulated that inositol and phosphatidylinositol polyphosphate play important roles in a variety of signal transduction systems including membrane traffic and actin cytoskeleton rearrangement. For example, phosphatidylinositol 4,5-bisphosphate binds to actin-binding proteins such as vinculin, a-actinin, profilin and gelsolin, and promotes actin cytoskeleton formation (Sakisaka et al., 1997; Ma et al., 1998; Vollenweider et al., 1999) . Together, inositol phosphate and/or phosphatidylinositol phosphate metabolism play a key role in epithelial cell dissociation, reassociation and cell crawling.
Materials and methods
Cell culture and DNA transfection MDCK cells were grown in MEM Eagle's medium supplemented with nonessential amino acids and 10% FCS. HEK293 cells were grown in Dulbecco modified Eagle's medium supplemented with 10% FCS. HGF was from PeproTech Inc. (London, UK).
His-tagged wt and mutant SHIP-2 (Pesesse et al., 1997 (Pesesse et al., , 2001 ) and MycHis-tagged SHIP-1 (Stefan et al., 2001) were transfected using Lipofectamine 2000 (Invitrogen).
Antibodies
Monoclonal antibody against c-Met (DO-24) was from Upstate Biotechnology Incorporated (Lake Placid, NY, USA), and monoclonal anti-His-Tag antibody was from BD, Clontech (Erembodegem, Belgium), respectively. Monoclonal antibody against Myc (9E10), goat IgG against SHIP-1 (V-19) or SHIP-2 (I-20), rabbit IgG against PI3 kinase p110 (S-19) or c-Met (C-28) were from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit antibodies against Erk1/2 and active MAP kinase were from Promega (Madison, WI, USA). Serum against SHIP-2 was raised in rabbits as described in Muraille et al. (1999) . For immunofluorescence studies, anti-SHIP-2 serum was absorbed five times using 10% liver acetone powder from cat (Sigma-Aldrich GmbH, Taufkirchen, Germany). Anti-goat IgG from rabbit, and FITC-and TRITC-labeled rabbit IgG were also from Sigma-Aldrich GmbH. Anti-mouse FITC-labeled IgG was obtained from Roche Diagnostics GmbH (Mannheim, Germany).
Immunoprecipitation, immunoblotting and kinase assay
For immunoprecipitation, cells were incubated for 16 h with medium containing 0.02%. FCS, and then MDCK cells were stimulated with HGF (100 ng/ml) for 15 min. Cells were extracted with lysis buffer containing 10 mM sodium phosphate (pH 7.5), 150 mM NaCl, 5% Trasylol (Bayer Vital, Leverkusen, Germany), 1 mM phenylmethylsulfonyl fluoride and 1 mM sodium orthovanadate. Clarified lysate (5 Â 10 6 cells for each) was incubated for 4 h at 41C with anti-SHIP, anti-His or anti-Myc antibody preabsorbed on Protein G sepharose (Santa Cruz Biotechnology). After washing, materials were analysed by SDS-PAGE, and by immunoblot analysis using the appropriate antibodies. Corresponding proteins were visualized by incubation with 125 I-labeled anti-rabbit immunoglobulin (Mancini et al., 1997) . For the detection of Erk1/2 kinase phosphorylation, aliquots of cell extracts were analysed by SDS-PAGE, and by immunoblot analysis using the phospho Erk1/2 antibody. For the detection of endogenous c-Met or GST-binding assays, c-Met-specific immunocomplex was incubated with 0.5 MBq (g-32 P]ATP (Hartmann Analytic, Braunschweig, Germany) in kinase buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 12.5 mM MgCl 2 and 10 mM ATP) for 30 min at room temperature and analysed by SDS-PAGE.
GST-binding assay
The cDNA fragment of SHIP-2 containing the SH2 domain was subcloned from pVP16 into the p-GEX system (Amersham Pharmacia Biotech Europe GmbH, Freiburg, Germany). Escherichia coli strain DH5a was used for the isolation of GST and GST-SHIP-2/SH2. Purified GST-fusion proteins were bound for 1 h at 41C to glutathione (GT)-agarose beads (Amersham Pharmacia Biotech) suspended in binding buffer (50 mM HEPES (pH 7.5), 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 1% Triton X-100, 1% Trasylol, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, 10 mM sodium pyrophosphate, 100 mM sodium fluoride and 400 mM sodium orthovanadate). 32 P-labeled c-Met, as generated in an in vitro autophosphorylation assay, was released from the immunocomplex by incubating with 17 ml 1% SDS in 50 mM Tris/HCl (pH 6.8) at 1001C for 5 min, and then incubated with precharged GTagarose beads overnight at 41C in a total volume of 2 ml binding buffer. Beads were washed three times with binding buffer and pellets were analysed by SDS-PAGE and autoradiography.
Binding assay using the yeast two-hybrid system
The qualitative and quantitative evaluations of various twohybrid protein/protein interactions were described previously (Mancini et al., 1997) . The SH2 domain of SHIP-1 in pVP16 is described in Stefan et al. (2001) . A corresponding cDNA fragment containing the SH2 domain of human SHIP-2 (amino acid numbers 19-287) was cloned in pVP16.
Immunofluorescence
For observation of lamellipodia, 1 Â 10 4 cells/well were plated in a 12-well plate 3 days before transfection. Wt or mutant SHIP-2 cDNAs were transfected under serum-free conditions into MDCK cells growing as small islands. After serum starvation for 22 h, cells were either stimulated or not with HGF (100 ng/ml) for the indicated times, washed with ice-cold PBS, fixed in 3% formaldehyde, 0.9 mM CaCl 2 and 0.5 mM MgCl 2 in PBS for 20 min at room temperature, washed twice with PBS and permeabilized using 0.5% Triton X-100 in PBS for 1 min on ice. Fixed cells were blocked with PBS containing 10% FCS for 3 Â 10 min at room temperature before incubation with the appropriate antibody. Antibody incubation was carried out in blocking solution for 60 min at room temperature. For actin staining, cells were incubated with TRITCphalloidin (Sigma-Aldrich GmbH) for 30 min in blocking solution.
